Sizing of cracks in the range of tens of micrometers by laser-generated surface acoustic wave ͑SAW͒ pulses with a bandwidth of up to 200 MHz is reported. The radius of a semicircular surface-breaking crack was evaluated using two methods, one based on the experimentally measured reflection coefficient and the other on the frequency dependence of the phase lag of the transmitted wave. These quantities were also simulated numerically by means of the finite differences method and fitted to the experimental ones by varying the assumed size of the crack. In both cases the interaction between crack faces was taken into account by an effective interfacial stiffness parameter and the crack sizes obtained acoustically were compared with those measured by optical microscopy. Nondestructive evaluation was extended to the characterization of real microcracks in the range of tens of micrometers with the laser-based pump-probe technique. The microcracks studied were generated in fused silica by strongly nonlinear SAW pulses with shocks in a separate experiment.
I. INTRODUCTION
Since their invention in 1960, lasers emerged as versatile tools for the generation and detection of ultrasonic bulk and surface waves, opening the way to widespread technical applications. [1] [2] [3] Linear laser ultrasound has been already applied for several decades in various technological fields, including nondestructive evaluation and medical imaging.
Surface acoustic waves ͑SAWs͒ offer substantial advantages in the investigation of surface cracks due to their pronounced inhomogeneity in depth. This feature results in a frequency dependence of scattering characteristics, which has been widely used for the evaluation of crack sizes. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Reflections of short SAW pulses from crack edges possess time delays depending on the crack depth. This effect has been used for the evaluation of machined notches with a depth in the millimeter range. 9 Another approach employed excitation of cracks at resonant frequencies and provided good estimates of both their depth and extension along the surface. 15 In this case the reflection of SAWs from various notches has been measured in the range of 3-6.5 MHz and the frequency dependence exhibited multiple peaks associated with length and depth resonances. In these experiments the length of the artificial notches has been varied between 6.6 and 23 mm and the depth between 2 and 6 mm. 15 In real cracks the faces are often in ͑partial͒ contact with each other or even subjected to closure stress within the plastically deformed zone. 16 Reflection of sound from such a crack is significantly diminished. Therefore, external tensile stress has been applied ͑dynamic 16 or static 17 ͒ to the crack to make it detectable. Dynamic load could be implemented by means of low-frequency stress variations, which modulate the crack opening and hence its reflectivity and transmittance. The nonlinear character of the contact between crack faces accounts for the nonlinear interaction between two sound waves with different frequencies and the generation of sound at mixed frequencies. 18 In this work we evaluate real cracks with contacting surfaces, but without applying an external load for opening the crack. The crack was probed by small-amplitude short SAW pulses with a maximum strain in the probe pulse of Յ10 −4 , generated in the thermoelastic regime by laser irradiation. The typical stress associated with such a probe pulse is confined to several megapascals, which is far below the stress of several hundred megapascals, normally used to modify crack properties. 16 Most of the reported reflectance and transmittance experiments have been performed on artificial cracks, i.e., machined slots. The high-frequency limit of the probing SAW pulse determines the minimal size of a crack that can be studied by the detection method. In recent state-of-the-art scattering and diffraction experiments with SAWs, performed with a central frequency of 5 MHz and bandwidth up to 15 MHz, artificial slots with sizes in the millimeter range have been gauged, using the arrival times of the transmitted and reflected pulses. cracks in the region of tens of micrometers. The present analysis was applied to intrinsic microcracks introduced separately into the silica specimen by launching a nonlinear SAW pulse with a strain of 10 −3 -10 −2 , reaching the critical strength of the material. To some extent, such microcracks are similar to those generated by fatigue loading or by thermal gradients. In contrast with machined slots, widely studied in the literature, the faces of such cracks may not be completely separated and considerable transient interactions may occur between the partially contacting faces during the passage of the SAW pulse, especially near the tip region. Of course, such a situation changes the reflection and transmission of SAW pulses by the crack significantly. In the following, the mutual interaction of touching crack faces is taken into account by a single-parameter model. This model introduces an effective interfacial stiffness into the simulation of SAW scattering and the evaluation of the crack size.
II. EXPERIMENTAL
The investigated microcrack was generated by exciting a short nonlinear SAW pulse in isotropic fused silica by absorbing a nanosecond laser pulse in a thin, highly absorbing ink layer deposited on the silica surface at the excitation region, as previously described in detail. 22, 23 Owing to the elastic nonlinearity of silica the stress of the propagating SAW pulse increased with propagation distance until the material broke. The tensile portion of the pulse had a duration of Ϸ 10 ns with a peak stress in the gigapascal range. In the simplest case, dynamic fracture is nucleated at a single point at the surface with a peak stress in the gigapascal range and propagates radially with isotropic velocity agreeing roughly with the Rayleigh velocity C R of the material. Therefore, a crack of semicircular shape ͑a so-called halfpenny crack͒ with a radius of several tens of micrometers ͑r Ϸ C R ͒ is expected to be formed. In reality, cracks often have a more sophisticated shape, especially close to the source of the nonlinear SAW pulse. 23 This is due to the strong inhomogeneities of the stress field in depth and the transient nature of SAWs, propagating with high speed. At larger distances from the source, however, where the shock fronts become narrower, cracks take a halfpenny shape. Such a crack oriented normal to the surface of the sample was studied here ͑see Fig. 1͒ .
The process of crack formation in isotropic matter involves two antisymmetric periods, with tensile loading coming first, followed by a compression part, both with comparable magnitude and duration. 23 Consequently, the nucleated crack is first opened for a few nanoseconds and then closed by intense compression forces, so that the two faces of the crack match one another quite well. As a result, certain healing effects occur and the interaction between the fracture faces may be restored to some extent. Fatigue microcracks or cracks generated by temperature gradients in brittle solids are expected to exhibit such a behavior if their faces are not completely separated. The appearance of interaction affects the scattering characteristics, in particular, the shapes of reflected and transmitted SAW pulses, as was clearly observed in the results presented here.
Scattering of a linear broadband SAW pulse by an isolated real crack was investigated. The probe SAW pulse was excited with the 1 ns pulse of a neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser at 1064 nm in the thermoelastic regime. The strain in thermoelastically generated SAWs does not exceed 10 −4 , which is insufficient to observe any noticeable nonlinear effects in real microcracks. As a result of the special experimental configuration selected, wave propagation could be considered a two-dimensional ͑2D͒ process ͑see Fig. 2͒ . The plane SAW had a wave front parallel to the crack and both the transmitted and reflected surface waves were measured on the axis of mirror symmetry. All displacement components and their gradients parallel to the x 2 -axis vanish in this case.
For SAW detection we used the probe-beam-deflection ͑PBD͒ method, employing a cw Nd:YAG laser with ϳ40 mW power operating at 532 nm. The overall frequency range of 10-200 MHz of the setup corresponds to SAW wavelengths of about 17-340 m. The position and distance between source line and probe spot were kept constant at 380 m, while the sample with the crack was scanned along the x 1 -axis. Initially, the crack was outside the pumpprobe area, then it was moved toward the probe spot, across it, and on until it reached the source line, and finally further on by ϳ300 m. Altogether the sample was translated in 200 steps, each of 5 m length. The waveform was averaged over 200 laser shots at each step. The amorphous silica sample with the microcrack was coated with a 200 nm aluminum film to enhance both the reflectivity of the probelaser beam and the absorption of the pump-laser radiation. Introducing a coating usually results in frequency dispersion of surface waves, but this effect was infinitesimally small in this case due to the short source-to-probe distance of Other configurations were realized by moving the sample with respect to the fixed optical pump-probe setup until the crack passed the source.
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III. RESULTS AND DISCUSSION
A. Overview: Scattering and mode conversion of surface and bulk waves Figure 3 displays the outcome of a complete scan across a selected microcrack in which the sample was moved with respect to the optical pump-probe arrangement with fixed distance between the pulsed-pump and continuous-waveprobe lasers. The abscissa denotes the crack location with respect to the starting point. At x 1 = 300 m the crack overlapped with the probe spot and at ϳ680 m it reached the source of the SAW pulses. The grayscale denotes the detector signal, which is proportional to the surface slope parallel to the x 1 -axis. Each vertical cross section in Fig. 3 is a registered waveform. Every wave traveling directly from the source to the probe is represented by a horizontal trace in the time-distance plot, due to the fixed separation of the source and probe. On the other hand, surface waves reflected or mode-converted to bulk waves at the crack are depicted by inclined signal traces, since their propagation time is changed with the movement of the sample.
According to the actual position of the crack with respect to the source and probe with fixed separation, three zones or configurations can be distinguished. In the first one, 0 Ͻ x 1 Ͻ 300 m, the crack was situated outside the pumpprobe area approaching the probe spot, so that directly transmitted undistorted Rayleigh waves were recorded, which were not influenced by the crack and movement of the sample. First the longitudinal wave arrived after ϳ12 ns, followed by the Rayleigh wave after ϳ60 ns. Aside from these two, various waves reflected backward from the crack could be observed, the reflected longitudinal wave ͑L͒, the mode-converted longitudinal-to-shear wave ͑S͒, and the reflected Rayleigh wave ͑R͒. In the second zone, with 300 m Ͻ x 1 Ͻ 680 m, the crack was located between the source line and probe spot. Here the two horizontal traces of the transmitted longitudinal and Rayleigh waves were detected, and in addition, two waves generated at the crack as a result of conversion of a longitudinal wave into a Rayleigh wave ͑L → R͒ and into a shear wave ͑L → S͒. In the third zone, defined by x 1 Ͼ 680 m, the crack was again outside the pump-probe area but this time on the side of the source, so undisturbed longitudinal and Rayleigh waves, backreflected longitudinal and Rayleigh waves, and shear waves ͑S͒ resulting from mode conversion of the SAW at the crack were registered. The two vague horizontal traces at 80 and 130 ns are reflections of the longitudinal wave from the bottom surface of the sample.
In the following, two particular waves affected by the crack are considered in more detail: the Rayleigh wave reflected from the crack, as observed in the first zone, and the Rayleigh wave transmitted through the crack and detected in the second zone, as shown in Fig. 4 in a three-dimensional ͑3D͒ plot. The goal was to estimate the crack size ͑radius of semicircular crack͒ by analyzing the reflection and transmission function of the SAW in the frequency domain. The first zone is preferable for the reflection analysis, since the initial undisturbed Rayleigh wave and its single reflection by the crack can be monitored and compared directly. Transmittance was analyzed by relating the waveform detected in the second zone to the incident one, recorded in the first zone. Figure 4 presents the surface motion in the vicinity of the crack. Here the incident Rayleigh wave enters from the left side and hits the crack situated at 60 m. At the front edge of the crack the positive portion of the incident wave is enhanced by about 20%, whereas the negative part does not experience any considerable magnification. Such an asymmetry points to nonlinear interaction of the clapping type, with a lower stiffness for tensile load than for crack closure. Motion of the rear edge occurs when the crack is open and 
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both parts are amplified to the same degree with a strong negative and second positive peak, as can be seen in Fig. 4 . These three peaks, which represent oscillations of the crack edges, form the reflected Rayleigh pulse. The pulse shape consists of two positive parts emitted from the positive peaks and the trough associated with the negative peak. The fact that the motion of the rear edge affects the shape of the reflected pulse to a comparable extent as the front edge can be understood as a consequence of a substantial transient interaction between the crack faces. Besides the emission of the reflected surface wave, the rear edge suffers damped oscillations, which are indicated in Fig. 4 by the solid line.
Behind the crack the wave is first diminished and then starts to grow gradually with propagation distance, with a growth rate depending on the crack size. This effect has been utilized for crack size evaluation.
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B. Finite differences simulation
Scattering of plane Rayleigh waves by a microcrack was modeled by the finite differences method ͑FDM͒. The process was treated as a 2D problem, i.e., the crack was assumed to be of infinite extension along the x 2 -axis, with constant depth, oriented normal to the sample surface, and parallel to the infinitely long plane wave front. The FDM scheme consisted of two meshes, one for displacements U i and another one for the stress components ik , which are depicted as gray circles and dashed lines in Fig. 5 , respectively. At each time step the stress was calculated on the basis of the displacement gradients U ik = ‫ץ‬U i / ‫ץ‬x k , taken at the four surrounding points, such that ij ͑x 1 , x 3 ͒ = C ijkl U kl i ͑x 1 , x 3 ͒. The interpolated quantities U kl i ͑x 1 , x 3 ͒ were calculated as follows:
With these implementations of the FDM representations the spatial derivatives are symmetrically centered in both directions and have second-order accuracy with respect to the spatial increment h. The boundary conditions at the free surface and crack faces cannot be expressed in entirely centered form and require a quadratic extrapolation, resulting in the following formulas for the surface x 3 =0:
The traction-free boundary conditions at the surface x 3 = 0 imply that the only nonzero stress component is 11 = C 11kl U kl ͑x 1 ,0͒ with U kl given by the Eq. ͑2͒. If the crack faces are considered as traction-free, the interpolation should be done in an analogous way for the boundary conditions at these surfaces. Interaction between the faces of the crack was modeled as local softening of the material within a thin layer at the crack in a quasistatic approximation, as described previously. 25, 26 The equation of motion was used in its conventional form,
with denoting the mass density. For the time step the following procedure was used. Displacements U i k+1 at the time instant k + 1 were calculated in two stages. The first approximation ͑or "prediction"͒ Ũ i k+1 is given by
where a i k = ͑1 / ‫ץ͑͒‬ ij / ‫ץ‬x j ͒ has the physical meaning of an acceleration of the mass element taken at the kth instant and denotes the time increment. This approximation implies that the acceleration or force applied to a mass element remains constant within the time period . The second stage ͑"correction"͒ admits a linear dependence on time,
͒.
͑5͒
Here the value a i k+1 should be calculated for the "predicted" displacement field Ũ i k+1 defined by Eq. ͑4͒. Such a predictorcorrector method shows better propagation characteristics and stability with respect to the digital perturbations than the conventional one, 13, 27 which utilizes the prediction only, given by Eq. ͑4͒.
The thermoelastic excitation of a short SAW pulse was modeled as a boundary condition at the surface ͑x 3 =0͒ in the form of a dipole stress component 13 , applied to the surface with temporal and spatial parameters similar to those employed in the experiment, e.g., 1 ns laser pulse duration and 
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Lomonosov, Grigoriev, and Hess5 m half-width of the line source. Such a source delivers a Gaussian waveform in terms of the vertical displacement U 3 and an antisymmetric bipolar pulse for the surface slope U 31 , as actually measured by the PBD setup. Besides the Rayleigh wave, the simulation with such a source describes all possible acoustic modes, as the longitudinal and shear bulk waves, observed experimentally. In addition, bulk modes are generated as a result of interaction of the Rayleigh wave with the crack. Spatial divergence accounts for the attenuation of bulk waves with distance r from the laser source or crack as r −1/2 . Since here only distant locations will be considered, the influence of bulk modes could be reduced.
C. Model of crack-face interaction
In this section a model is introduced that takes into account the effect of a partial dynamic contact between the two fractured faces during interaction with the SAW pulse. To take such an effect into consideration, the cracked sample was modeled as a continuous solid with all stress components reduced along the crack ͑x 1 = x 1crack , 0Ͻ x 3 Ͻ d͒. For the sake of simplicity the stiffness reduction was described by introducing a single scalar parameter 0 ϽӶ1, so that ij C = ij at the crack. Within the frame of a mass-spring representation, this corresponds to a reduction in the spring's stiffness between the masses situated on each side of the crack by a factor of . The interfacial stiffness, defined as K = / ⌬ I , 25, 26 where ⌬ I is the additional displacement of the crack faces caused by the reduction in stiffness, takes the form 28 The thickness of the interfacial layer, which within this model corresponds just to the spatial step of 0.5 m, is large compared to the displacements caused by the surface wave. On the other hand, it is much smaller than the characteristic acoustical wavelengths of the SAW pulse. Under these conditions the response of the crack to the passing Rayleigh wave remains linear, and is independent of the arbitrarily introduced thickness of the interfacial layer. Thus, this simplified model assumes all relevant stress-tensor components to be modified by the same factor. A more realistic interaction model, such as a sliding contact, 29 for example, would require an interaction parameter in tensorial form with two or more nonzero components. Correspondingly, for such an analysis, more detailed information on the nature of the crack would be needed, which is difficult to extract from the current experiments. Figure 6͑a͒ compares the SAW waveform obtained by the FDM with the experimental one for a location of the probe 150 m in front of the crack ͑x 1 = 150 m in Fig. 3͒ . It shows that the numerical treatment describes the experiment adequately, despite some asymmetry in the experimental waveform. Since in the analysis given below the reflected and transmitted waves are normalized to the corresponding initial waveform, their shapes do not play a significant role, only their frequency bandwidth.
The Rayleigh pulse reflected from a crack with free faces ͑ =0͒ calculated by the FDM is depicted in Fig. 6͑b͒ by the dashed line. It has a bipolar shape, similar to that of the incident wave, but with inverted polarity. Note that the reflected wave propagates in the direction opposite the incident wave, so inversion of the surface slope does not mean inversion of the displacement. In fact, both waves represent indentations upon the surface. The shape of the experimentally detected pulse, presented as a gray line in Fig. 6͑b͒ , differs from the reflected pulse simulated with = 0 significantly. The major feature that distinguishes it from the simulated one is its almost mirror-symmetric tripolar shape. Introducing an interaction between the two faces results in a more realistic description of the SAW reflected waveform, as exhibited in Fig. 6͑b͒ by the solid line, which was calculated for = 0.08. Differences in the amplitudes can be explained by a caustic effect, which takes place along the axis of symmetry of a halfpenny crack, where all waves scattered at the finite crack extension arrive with the same phase. This effect is, of course, not described by the present 2D computational scheme, which assumes an infinitely long crack.
The measured transmitted pulse shape is presented in Fig. 6͑c͒ in comparison with two calculated ones, namely, with and without face interaction, simulated by = 0.08 and = 0, respectively. Similar to reflection, assuming interaction improves the description of the transmitted signal significantly, both shape and magnitude. The fact that the same value of suits both reflection and transmission corroborates the significant role of crack face interaction in the generation of the scattered field and its useful description by the effective interfacial stiffness parameter.
D. Estimation of crack size
Obviously, by introducing face interaction one makes the simulation reproduce the reflection from the real crack with significantly better agreement with experiment; consequently this can be employed to solve the inverse problem, i.e., the evaluation of the crack size. First let us consider the reflection coefficient, which depends on the crack size d normalized by the wavelength , that is R = R͑d / ͒. This coefficient was calculated for both the simulated waveforms and the measured ones as the ratio of the spectral amplitudes of the reflected and incident waves. Note that the reflected waveforms are superpositions of several acoustic modes, generated at both edges of the crack and its tip. Aside from the Rayleigh waves reflected from these locations, there are also mode-converted shear and longitudinal waves. All these acoustic modes propagate with different velocities. Consequently, the shape of the reflected pulse changes with distance from the crack. This imposes restrictions on the distance and time interval selected for calculating the reflection coefficient. Here the reflection coefficient was calculated on the basis of the waveforms recorded 75 m from the crack. At this point, the longitudinal wave is well separated from the still overlapping Rayleigh and shear waves. Note that the finite differences simulation takes into account all acoustic modes and therefore it describes the reflection process adequately if both simulation and measurement correspond to the same distance from the crack.
For a crack with noninteracting faces the function R͑d / ͒ exhibits an oscillatory growth from zero to a steady value of about 0.4 for d / Ͼ1 ͑see for example Refs. 5 and 14͒. Oscillations of the R function indicate acoustic eigenmodes of the crack, offering a means to evaluate the crack dimensions, as reported previously. 15 Mutual interaction smoothes the oscillations and for Ͼ0.05 R͑d / ͒ behaves like a monotonic function.
In the time domain the interaction results in the appearance of an additional positive peak in the waveform, as can be seen in Fig. 6͑b͒ . Its amplitude depends on the interfacial stiffness, allowing an estimate of the interaction parameter . For the particular crack studied in this work a value of = 0.08 provided reasonable description of the experiments.
The depth of the crack d was evaluated by fitting the FDM-simulated reflection coefficient R to the experimentally measured one by a least-squares procedure. Two free parameters were involved, amplitude a and the crack depth d, so that the function aR͑dC R / f͒ was fitted to the measured frequency dependence of reflection. The result is shown in Fig.  7 , where the experimental data are presented by circles and the curve describes the simulated reflection function. From the fit the values a = 1.7 and d =34 m were extracted. This crack depth is in reasonable agreement with the direct measurement of the crack radius of 53 m by means of optical microscopy ͑see Fig. 1͒ , if the crack is considered semicircular. Note that the acoustically measured crack depth essentially depends on the area in which the interaction between the crack faces is significantly diminished, i.e., Ӷ1. In the vicinity of the tip the interaction forces can be much stronger approaching Ϸ 1. Hence this part of the crack may not be seen acoustically, whereas optically it may scatter light, and therefore can be observed with an optical microscope.
The transmission of a surface wave pulse through a crack is accompanied by a pronounced time lag, which can be clearly seen in Fig. 3 as a small upward shift in the horizontal Rayleigh wave trace at x 1 = 300 m and a step down at x 1 = 680 m. Such a time lag of the transmitted wave with respect to the wave in an uncracked sample has been discussed in the literature, 14 where the time-of-flight method employing narrowband SAWs was proposed for evaluating crack depths in the range d / Ͼ0.8. Transmission of broadband Rayleigh pulses through the crack, as used in the present experiments, produces a phase shift depending on frequency or the ratio d / . In the low-frequency limit the phase lag is zero, whereas for higher frequencies it tends to a linear frequency dependence =4df / C R , and in the high frequency limit d / ӷ1, the interaction between the fracture faces diminishes the frequency dependence of the phase.
Here the SAW transmitted through the crack was first simulated using the FDM, and then the phase of the transmission coefficient was calculated as a function of d / . This was fitted to the experimentally measured frequency dependence of the phase shift with the crack size d as the only free fitting parameter. The solid line in Fig. 8 shows the dependence of the phase on frequency for the FDM-simulated transmission, fitted by the least-squares method to the experimental phase shift. The crack depth evaluated by the transmission method was d =40 m, in reasonable agreement with the reflection method.
By comparing the two evaluation methods one can conclude that the advantage of the reflection method is the larger frequency range realized by the wave reflected from the crack. The extended frequency spectrum involved in this evaluation procedure results in a higher spatial resolution for FIG. 7 . Fit of the experimental reflection coefficient to the simulated one to determine the crack depth. FIG. 8 . Fit of the experimental phase shift to the simulated ͑FDM͒ one to obtain the crack depth.
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IV. CONCLUSIONS
We demonstrated that with a laser-based pump-probe setup, the frequency range of NDE of surface-breaking cracks can be extended to about 200 MHz. The application of noncontact optical detection methods in this frequency range requires surfaces of optical quality and can be used to inspect delicate samples such as silicon wafers. The experiments provide clear evidence that in the microcracks generated by nonlinear SAW pulses with shocks in silica the fracture faces are not completely separated but experience a face interaction during transmission of the monitoring SAW pulse. While the simple one-parameter model introduced to describe the interfacial stiffness between the crack faces ͑softening͒ cannot give a realistic microscopic picture of the spatial distribution of the mutual interaction processes, it yields an averaged number providing an idea of the overall magnitude of the remaining interaction between the partially contacting crack faces. The FDM was applied in a 2D approximation for a configuration where source and crack were parallel and the crack penetrated perpendicular to the surface into the material.
The measured waveforms of the reflected and transmitted Rayleigh waves could be simulated quite well if dynamic face interaction was taken into account. The inverse problem of crack sizing has been solved by comparing the frequency dependence of the reflection coefficient and phase lag of transmission with FDM simulations. As expected, the acoustically measured depth values of 34 and 40 m were smaller than the depth of 53 m, obtained by optical microscopy for a semicircular crack. Such a relatively small difference between the optically measured size of the crack and its acoustical estimate may appear because of the strong inhomogeneity of the mutual interaction across the crack area. In addition, scattering of light, which has a shorter wavelength than the SAW pulses, is more sensitive to the contacting area around the tip.
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